The antimicrobial activity from the whole body homogenates of immunized workers of Coptotermes formosanus Shiraki with entomopathogenic fungi (Metarhizium anisopliae, strain 2049 and strain 406; Beauveria bassiana, strain 3005 and 200436) and bacteria (Bacillus thuringiensis, Escherichia coli, Ralstonia solanacearum and Staphylococcus aureus), were checked by inhibition zone assay against B. thuringiensis, E. coli, R. solanacearum and S. aureus bacteria. Among all the successful inducers, two peaks at different times were observed, suggesting that there might be different antimicrobial peptides. Furthermore, the results showed that entomopathogenic fungi greatly induced the antimicrobial response of the homogenates as compared to bacteria. The pattern of antimicrobial response varied with the time of treatment, and with the strain of micro-organism. For the time course, after 4 to 8 h of infection, the homogenates started showing antimicrobial activity. Homogenates infected with M. anisopliae strain (2049) showed the highest activity against B. thuringiensis after 18 h post inoculation. While, B. bassiana strain (3005) showed the highest activity against B. thuringiensis after 12 h postinoculation. The antibacterial activity was only observed from the homogenates prepared between 4-80 h post-inoculation. Furthermore, for the different microbial strain, a Gram-negative bacterium, E. coli was found to be highly resistant, showing no growth inhibition. While, both the studied Gram-positive bacteria found to be susceptible to the homogenates, resulting very high antibacterial activity. Among all the microbes, R. solanacearum and S. aureus were found to be poor inducer of immune system in the studied insect. The results provide the first evidence of the induction of antimicrobial response in C. formosanus workers. The current findings open new avenues for further exploration of molecular mechanism of immune response in termites.
INTRODUCTION

Formosan
Subterranean termites, Coptotermes formosanus Shiraki (Rhinotermitidae: Isoptera) are eusocial insects that live in societies whose members are mostly immature individuals. Their colonies, which may *Corresponding author. E-mail: solvia_aah@yahoo.com. contain 100 000 to more than 1000 000 forgers (Su and Scheffrahn, 1988; Su et al., 1993) , are formidable, even though each individual termite is soft-bodied and delicate. Not only the houses and other buildings attacked by this insect, but also telephone poles, boats, underground electrical and telephone cables, other finished goods (e.g. books, paper, fabric). Termites attacked at least 48 species of living plants, including valuable crops and ornamentals (Lai et al., 1983; Tamashiro et al., 1987) . The metabolic activity of termites maintain a comfortable ambient temperature and humidity that create conditions which are conducive for the growth and disease transmission of micro-organisms through social behaviors (allogrooming and trophallaxis), among the nest mates having high degree of genetic relatedness (Stow and Beattie, 2008) . Despite multiple successful laboratory investigations of the entomopathogenic fungi, the colonies of social insects are uniquely susceptible to disease organisms (Rath, 2000) . The limited success of entomopathogens use in the field against termites led researches to study the mechanisms of how nest mates cope with the disease causing organisms. Reasons for this lack of success include both behavioral and physiological mechanisms that termites have evolved to resist infection against disease causing agents. In the past few decades, a lot of work has been done to explore the bahavioral adaptations which resist the infection. Behavioral mechanisms include the use of allogrooming to remove fungal conidia from the surface of the cuticle of nest mates (Shimizu and Yamaji, 2003) , walling-off of infected areas of a colony (Staples and Milner, 2000; Hussain et al., 2010a) , pathogen alarm behavior which warns nestmates about the presence of lethal fungi causing them to leave the area (Rosengaus et al., 1999; Hussain et al., 2010a) , removal of fungal-infected termites (Grace and Zoberi, 1992; Jones et al., 1996; Rath, 2000; Myles, 2002) , and antifungal chemical defense (Chen et al.,1998; Hussain et al., 2009b) .
A little work has focused on the physiological adaptations among C. formosanus workers in response to microbes to resist the infection among the nest mates. The first line of defense of insects against pathogens and parasites is the cuticle. However, once this barrier has been breached, a complex interaction of innate cellular and humoral immune reactions is induced in both tissues and haemocoel, which results in the rapid elimination of micro-organisms. Every insect produces a unique repertoire of antimicrobial peptides that are targeted for specific micro-organisms. All the antimicrobial peptides act in synergy that can provide insect host with a more powerful defense against harmful invaders (bacteria, fungi, and protozoa) . The production of antimicrobial peptides is species specific. These molecules are released into the blood, where they synergistically act to destroy the invading microorganisms.
Many induced antimicrobial molecules are apparent in the hemolymph only after 4 h infection. Until now, there is no report about the induction of antimicrobial peptides among the C. formosanus workers in response to microbial challenge. The present study was designed for the first time to exactly estimate the time for the induction of immune response among the C. formosanus workers in response to entomopathogenic fungi and bacteria (Gram-negative and Gram-positive).
The findings of the effect of microbial infection on the growth inhibition of bacteria are discussed.
MATERIALS AND METHODS
Termite collection and maintenance
Formosan subterranean termites were obtained from Huolu Shan Forest Park, a vicinity of Guangzhou City, about 3.5 kilometers away from the campus of South China Agricultural University, Guangzhou, P. R. China. Four different C. formosanus colonies each representing one replicate were chosen to prevent colony vitality biasing of the data. Termites were maintained separately at 24 to 27ºC in plastic buckets containing pine wood stakes (Pinus sp.) placed over moist sterile soil in complete darkness.
Fungi and bacteria maintenance
Fungal strains (Beauveria bassiana strain EBCL 03005; strain 200436 and Metarhizium anisopliae strain EBCL 02049 and strain 406) were maintained on potato dextrose agar (PDA) at 25 ± 0.5°C, in complete darkness as described previous by Hussain et al. (2009a; 2010b) . Two strains of gram-positive bacteria (Bacillus thuringiensis and Staphylococcus aureus) and two strains of Gramnegative bacteria (Escherichia coli and Ralstonia solanacearum) were maintained on LB (Lauria Bertani) medium. The bacterial cultures were maintained in an incubator at 37 ± 0.5°C, in complete darkness.
Insect immunization
To immunize the termites, C. formosanus workers were immersed in each fungal and bacterial strain suspension separately at a concentration of 1 ×10 6 spores/ml and OD600 = 0.35, respectively, in microcentrifuge tubes with gentle swirling for 5 s and allowed to dry on a Whatman no. 1 filter paper. Control workers were kept uninfected, immersed them into a 0.04% Tween 80 (Sigma) and water respectively. Then, the infected and uninfected (Control) workers were maintained in Petri dishes (95 × 15 mm), containing dampened filter paper. Petri dishes were incubated in the dark chamber (26 ± 0.5°C and 85 ± 5% RH) until sampling.
Sample preparation
After every six hour (0 to 90 h), C. formosanus workers were collected and homogenized in the chilled ammonium acetate buffer (pH 5), supplemented with aprotinin (final concentration 1.5 µmol/l) and phenylthiourea (final concentration 20 µmol/l). The amount of workers was 1:10 (w/v) to the homogeneous buffer. After homogenization, the homogenates were centrifuged at 10,000 g for 30 min at 4°C. The cell free supernatants were stored at -76°C until use.
Assay of antibacterial activity
Antibacterial activity was determined by an inhibition zone assay as described previously (Dang et al., 2006) using B. thuringiensis, S. aureus, E. coli and R. solanacearum as testing bacteria. In brief, 10 µl of supernatant of each sample was directly poured into the 2 mm hole of a Petri dish (95 × 15 mm) seeded with above mentioned bacteria. Four replicates were prepared. Bacteria were incubated at 37°C for 18 h, and then the growth inhibition was calculated by measuring the radius of the clear zone. The data on growth 
RESULTS
Inhibitory effect of infected whole body homogenates
Inhibitory effect of infected whole body homogenates on the growth of E. coli
The homogenates of C. formosanus infected with entomopathogenic fungi (M. anisopliae and B. bassiana) and bacteria at different time intervals did not inhibit the growth of E. coli as shown in Figure 3 .
Inhibitory effect of infected whole body homogenates on the growth of R. solanacearum
Variable inhibitory effect was observed from the infected homogenates at different time intervals (Figure 4) . The growth inhibition of B. thuringiensis was highly significantly different at different times from the homogenates of C. formosanus workers infected with M. anisopliae strain 02049 (F = 174.41; df = 14, 30; P < 0.05), B. bassiana strain 03005 (F = 209.09; df = 14, 30; P < 0.05), B. thuringiensis (F = 206.34; df = 14, 30 ; P < 0.05) and E. coli (F = 138.72; df = 14, 30 ; P < 0.05). There was no inhibitory effect on the growth of R. solanacearum from the homogenates of C. formosanus workers infected with M. anisopliae strain 406, B. bassiana strain 200436, R. solanacearum and S. aureus, as shown in Figure 4 .
DISCUSSION
In the current investigation, we explored for the first time (Carton and Nappi, 2001; Schmidt et al., 2001) , activation of proteolytic cascades, leading to localized melanization and coagulation (Dimopoulos, 2003) , and synthesis of a battery of potent antimicrobial and antifungal peptides by the fat body (Hultmark, 2003) . These molecules are released into the blood, where they synergistically act to destroy the invading micro-organisms. Recent genetic and molecular studies focusing on the regulation of antimicrobial peptides have led to the detailed characterization of two distinct intracellular signalling pathways that regulate antimicrobial activity in the model insect Drosophila. In termites, a number of antimicrobial peptides have already been purified. Among the identified AMPs, a cysteine rich peptide, termicin has been reported from Pseudacanthotermes spiniger (Da Silva et al., 2003) . The pattern for the induction of apical plasma membranes (APMs) varied not only with the time but also with the kinds of the microbes. The results showed that the antimicrobial response starts right after the infection. Normally, after 4 to 8 h, the homogenates starts showing antimicrobial activity. Homogenates infected with M. anisopliae strain (2049) showed the highest activity against B. thuringiensis after 18 h post inoculation. While, B. bassiana strain (3005) showed the highest activity against B. thuringiensis after 12 h post-inoculation. It has been reported in the model insect that the transcription of immunity related genes reach at maximum level between 12 to 48 h post-immune stimulation (Hoffmann, 1995) , but the immuno-deficient insects cannot transcribe the mRNA of AMPs or express them at very low levels (Lowenberger et al., 1999) . Insects respond to microbial infection by the rapid and transient expression of several genes encoding potent AMPs. Once immune system activated, transcripts can be detected by 6 h, resulting in 1 to 100 mM concentrations of specific peptides in the hemolymph within 24 h (Hetru et al., 1998) . The induction of AMPs is fast in response to infection, and the peptides are detectable in the hemolymph 2 to 4 h after infection (Uttenweiler-Joseph et al., 1998) . The above mentioned results are in line with our findings that the homogenates from different microbes induce immune system ranged between 4 to 80 h post-infection.
The homogenates of the infected termites showed different level of antimicrobial activity against different bacteria. In the current investigations, one Gram-negative bacterium E. coli was found to be highly resistant, resulting no clear zone of the homogenates, no matter what microbial strain was used as the inducer, while both of the studied gram-positive bacteria were found to be susceptible to the homogenates, resulting to very high antibacterial activity. Among all the microbes, R. solanacearum and S. aureus were found to be poor inducer of immune system in the studied insect. Unlike S. aureus, the other gram positive bacterium B. thuringiensis as an inducer was highly active against all the microbes except E. coli. Interestingly, we have seen different induction pattern in each of the treatment. Mostly, among all the successful inducers two peaks at different times were observed, suggesting that there might be different antimicrobial peptides. Since, we have not purified the peptides, which merit further experimentation on the purification and differential gene expression pattern of immunity related genes among C. formosanus workers.
